Abstract Water loss either by desiccation or freezing causes multiple forms of cellular damage. The encysted embryos (cysts) of the crustacean Artemia franciscana have several molecular mechanisms to enable anhydrobiosis-life without water-during diapause. To better understand how cysts survive reduced hydration, group 1 late embryogenesis abundant (LEA) proteins, hydrophilic unstructured proteins that accumulate in the stress-tolerant cysts of A. franciscana, were knocked down using RNA interference (RNAi). Embryos lacking group 1 LEA proteins showed significantly lower survival than control embryos after desiccation and freezing, or freezing alone, demonstrating a role for group 1 LEA proteins in A. franciscana tolerance of low water conditions. In contrast, regardless of group 1 LEA protein presence, cysts responded similarly to hydrogen peroxide (H 2 O 2 ) exposure, indicating little to no function for these proteins in diapause termination. This is the first in vivo study of group 1 LEA proteins in an animal and it contributes to the fundamental understanding of these proteins. Knowing how LEA proteins protect A. franciscana cysts from desiccation and freezing may have applied significance in aquaculture, where Artemia is an important feed source, and in the cryopreservation of cells for therapeutic applications.
Introduction
Survival in extreme or unpredictable environments is facilitated by tolerance of biotic and abiotic stresses. Anhydrobiotic organisms withstand loss of almost all cell water, surviving dry conditions for prolonged periods, even at subzero temperatures (Browne et al. 2002; Caprioli et al. 2004; Clegg 1986; Lapinski and Tunnacliffe 2003; Tyson et al. 2012) . Encysted embryos (cysts) of the brine shrimp, Artemia franciscana, withstand cellular water contents lower than 2 %, and survive temperatures below −20°C (Crowe et al. 1981; Hengherr et al. 2011) . Cysts are produced oviparously in Artemia females where development stalls at gastrulation and embryos are coated with a rigid, chitinous shell impermeable to nonvolatile compounds (de Chaffoy et al. 1978; Dai et al. 2011; Liang and MacRae 1999; . Once released from females, the metabolic activity of cysts declines dramatically and they enter diapause, a reversible dormancy characterized by extreme stress tolerance (Clegg et al. 1996; Qiu and MacRae 2010) .
Termination of cyst diapause requires cues that are speciesand population-specific (Drinkwater and Crowe 1987; Van Stappen et al. 1998) . Artemia cysts from the Great Salt Lake (GSL), UT terminate diapause efficiently in the laboratory when desiccated and subsequently incubated at −20°C for up to 3 months, both substantial stresses (King and MacRae 2012) . Alternatively, hydrogen peroxide (H 2 O 2 ) terminates diapause in Artemia cysts from the GSL and other geographical locations (Robbins et al. 2010; Van Stappen et al. 1998; Veeramani and Baskaralingam 2011) . The molecular pathways responding to termination cues have not been identified, but once diapause is broken A. franciscana embryos in favourable environments resume development, emerging from cracked cyst shells as membrane-enclosed prenauplii termed E1 and E2 (Go et al. 1990; Rafiee et al. 1986; Trotman et al. 1980) . Prenauplii hatch upon membrane rupture to yield swimming nauplii which molt numerous times to become adults.
Accumulation of small compounds such as trehalose, in addition to molecular chaperones and late embryogenesis abundant (LEA) proteins, contribute to desiccation and freeze tolerance. A. franciscana embryos accrue these protective molecules as part of the developmentally programmed entrance into diapause, thereby stabilizing macromolecules and cell integrity under conditions of stress (Qiu and MacRae 2010) . Trehalose functions as a water replacement molecule and colligative agents such as glycerol likely enhance osmotic stress tolerance and reduce damage from ice formation by lowering the freezing point of water (Clegg 1986; Storey and Storey 2013) . Molecular chaperones, like the small heat shock protein (sHsp) p26, contribute substantially to cyst stress tolerance by preventing irreversible denaturation of other proteins (King and MacRae 2012) . At least six group 1 LEA proteins or their mRNAs are upregulated in A. franciscana cysts (Table 1) , along with several group 3 LEA proteins and their transcripts (Boswell et al. 2013; Hand et al. 2007; Menze et al. 2009; Sharon et al. 2009; Warner et al. 2010 Warner et al. , 2012 . Group 1 LEA proteins, containing the repeated 20 amino acid motif GGQTRREQLGEEGYSQMGRK, have not been detected in any animal other than Artemia (Hand et al. 2011; Tunnacliffe and Wise 2007) .
LEA proteins are highly hydrophilic, intrinsically unstructured proteins associated with desiccation tolerance in anhydrobiotic animals, plant seeds and several microorganisms (Bahrndorff et al. 2009; Battista et al. 2001; Browne et al. 2002; Cornette et al. 2010; Erkut et al. 2013; Förster et al. 2009; Hand et al. 2007 Hand et al. , 2011 Tunnacliffe et al. 2005) . LEA proteins reduce desiccation-and freezing-induced protein aggregation in vitro (Chakrabortee et al. 2007; Furuki et al. 2012; Goyal et al. 2005; Reyes et al. 2005) , protect protein function (Grelet et al. 2005 ) and stabilize membranes (Li et al. 2012; Tolleter et al. 2010) . LEA proteins improve the desiccation tolerance of transgenic mammalian and Drosophila melanogaster cells (Chakrabortee et al. 2007; Marunde et al. 2013 ) and organisms such as maize (Amara et al. 2013 ) and yeast (Duan and Cai 2012) . Several theories have been proposed to explain how LEA proteins protect cells from water loss, based on their high proportion of polar and charged amino acids, intrinsically unstructured nature, and the acquisition of secondary structure when dried (Hundertmark et al. 2012; Tunnacliffe and Wise 2007) . LEA proteins may prevent protein aggregation by acting as molecular shields Furuki et al. 2012; Hatanaka et al. 2013) , protect membranes (Hincha and Thalhammer 2012; Li et al. 2012; Tolleter et al. 2010) , contribute to vitrification, the formation of intracellular glasses (Buitink and LePrince 2004; Hengherr et al. 2011) , act as "hydration buffers" that slow water loss (Manfre et al. 2006; Tompa et al. 2010) , and reduce oxidative stress by serving as ion sinks (Mowla et al. 2006) , although the latter is unlikely to contribute significantly to stress tolerance (Hand et al. 2011 ). While numerous studies of LEA proteins have been performed in vitro, to our knowledge there are no previous examinations of animal group 1 LEA proteins in vivo. In this study, the role of group 1 LEA proteins in Artemia cysts was examined through loss-of-function experiments using RNA interference (RNAi). Cysts lacking group 1 LEA proteins had reduced viability following freezing and/or desiccation, suggesting these proteins protected against both stressors. Under the conditions tested, group 1 LEA proteins did not alter diapause termination by H 2 O 2. The analysis of Artemia group 1 LEA protein in vivo, as described herein, contributes to the understanding of similar proteins in many organisms.
Materials and methods

Culture of A. franciscana
A. franciscana cysts from the GSL, UT (INVE Aquaculture, Inc., Ogden, UT, USA) were rehydrated with aeration at room temperature in filtered (22 μm) and autoclaved sea water from Halifax Harbour, Nova Scotia, Canada, hereafter called sea water. Hatched nauplii were harvested 24 to 48 h after hydration was initiated, and grown to adults in aerated sea water at room temperature. Cultures were fed daily with Isochrysis sp. (clone synonym T-Iso) from The Provasoli-Guillard National Center for Culture of Marine Phytoplankton, West Boothbay Harbor, ME, USA. Adult A. franciscana were maintained in sea water in six-well culture plates at room temperature (24°C) during experiments unless otherwise specified.
Knockdown of group 1 LEA proteins in A. franciscana cysts AfrLEA1-1 (Table 1, Fig. 1 ) was amplified from full length AfrLEA1-1 cDNA cloned in the pCR 2.1 vector (Invitrogen, Burlington ON, Canada) using 0.2 mM primers containing the T7 promoter (Table 2) and Platinum Taq DNA Polymerase (Invitrogen), and the following reaction conditions: 5 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 60°C, and 1 min at 72°C, with a final 10 min at 72°C. GFP was amplified from the commercial vector pEGFP-N1 (Clontech, Mountain View CA, USA) using the above reaction conditions with Platinum Taq DNA Polymerase (Invitrogen) and 0.2 mM primers containing the T7 promoter (Table 2) (Zhao et al. 2012; King and MacRae 2012) . PCR products were sequenced at The Centre for Applied Genomics DNA Sequencing Facility, Toronto Sick Kids Hospital, Toronto, ON, Canada. Five micrograms of each PCR product was used as template for the generation of AfrLEA1 and GFP dsRNA with the MEGAscript® RNAi kit (Ambion Applied Biosystems, Austin, TX, USA) according to manufacturer's instructions. AfrLEA1-1 and GFP PCR and dsRNA products were resolved in 1.5 % agarose gels in 0.5× TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.5) at 90 V, stained with SYBR Safe® (Invitrogen), and examined with a DNR Bio-Imaging Systems MF-ChemiBIS 3.2 gel documentation system (Montreal Biotech, Montreal, QC, Canada). Absorbance was measured at 260 nm to determine dsRNA concentrations. Three volumes of AfrLEA1 and GFP dsRNA were separately added to 1 volume of 0.5 % phenol red in Dulbecco's phosphate buffered saline (DPBS) for injection of females (King and MacRae 2012) .
Mature females carrying diapause-destined unfertilized eggs, identified by the presence of a shell gland (Liang and MacRae 1999) , were injected in the egg sac with 60 to 80 ng of either AfrLEA1 or GFP dsRNA (King and MacRae 2012) . Injections were performed as described (King and MacRae 2012) under an Olympus SZ61 stereomicroscope (Olympus Canada, Inc., Markham, ON, Canada) with a borosilicate micropipette pulled with a custom programmed P-97 Flaming/Brown Micropipette Puller (Sutter Instrument Co., Novato, CA, USA) and broken at 45°using a clean razor blade (Copf et al. 2004) . Females were returned to sea water and observed for 2 h to ensure retention of phenol red and thus dsRNA (King and MacRae 2012) . Each female was mated with a male 24 h post-injection.
Quantitation of AfrLEA1 mRNA by qPCR
A. franciscana cysts were harvested 10 days post-release from females injected with either AfrLEA1 or GFP dsRNA. RNA was extracted from 25 to 30 cysts by homogenization with a micropestle (Fisher Scientific, Ottawa, ON, Canada) in a 1.5 ml microtube with 100 μl TRIzol® (Invitrogen). cDNA was generated using 0.1 μg of RNA as template with SuperScript® III First-Strand Synthesis Kit for RT-PCR (Invitrogen) and oligo dT 20 primers. All RNA preparations were also incubated without reverse transcriptase to ensure the absence of genomic DNA. qPCR was conducted with a
Fig. 1 AfrLEA1-1 sequence. Nucleotide and amino acid sequences for the group 1 LEA protein, AfrLEA1-1, with eight repeats, are shown (accession #s EF656614, ABR67402) (Warner et al. 2010) . The AfrLEA1 dsRNA is complementary to the shaded region of AfrLEA1-1. Start and stop codons are underlined. The first and eighth repeated motifs are boxed QuantiTect® SYBR® Green PCR Kit (Qiagen, Mississauga, ON, Canada) in a Rotor-Gene RG-3000 system (Corbett Research, Sydney, NSW, Australia) using 0.5 μl cDNA as template (King et al. 2013) . Primers for α-tubulin and AfrLEA1 (Table 2 ) were used at 1 mM. Four to six independent samples with two nested replicates were used in each experiment. AfrLEA1 cDNA copy numbers were determined from a standard curve of Ct values (R 2 >0.99), and normalized against α-tubulin (King et al. 2013) . Primer fidelity was assessed by melting curve analysis.
Detection of group 1 LEA proteins by immunoprobing of western blots Fifty to 75 cysts released from females injected with either AfrLEA1 or GFP dsRNA were harvested 10 days post-release from females and homogenized on ice with a micropestle (Fisher Scientific) in 1.5 ml microtubes containing 30 μl treatment buffer for SDS polyacrylamide gel electrophoresis (62.5 mM Tris, 2 % (w/v) SDS, 10 % (v/v) glycerol, 5 % (v/v) β-mercaptoethanol, 0.05 % (w/v) bromophenol blue, pH 6.8). Protein samples were placed in a boiling water bath for 5 min prior to centrifugation at 4°C for 10 min at 10,000×g. The supernatants and PiNK Plus Prestained Protein Ladder (FroggaBio Inc., Toronto, ON, Canada) were resolved in 12.5 % SDS polyacrylamide gels at 30 mA for 60 min, and then transferred to Protran nitrocellulose membranes (GE Healthcare, Piscataway, NJ, USA). Immunoprobing of blots was as in King and MacRae (2012) , except the primary antibody was rabbit anti-group 1 LEA protein antibody (Warner et al. 2010) Female survival and cyst development following knockdown of group 1 LEA proteins Survival following successive brood releases was documented for females injected with dsRNAs. Cyst quantity, the time from fertilization defined by egg sac fusion to initial release of cysts, and the time required for complete brood discharge was determined for each of the first three broods released. Females were incubated in sea water at either room temperature (24°C) or 18°C. The latter was employed to assess if subtle differences in growth of females and cyst development were evident at lower temperatures.
Stress tolerance of A. franciscana cysts lacking group 1 LEA proteins Cysts were collected 10 days after release from females injected with dsRNA, and excess sea water was removed with a Pasteur pipette. The cysts were either blotted dry with Kimwipes and incubated in 1.5 ml microtubes in Styrofoam containers at −20°C for 12 weeks, or they were dried for 4 weeks at room temperature in a desiccator containing Indicating Drierite (Sigma-Aldrich) before freezing at −20°C for 8 weeks. Cysts were then incubated in sea water at room temperature to quantify hatching, used as a measure of viability. Cysts were monitored for 5 days after the appearance of the last nauplius to ensure no further hatching occurred. Experiments were done in triplicate with 38 to 113 cysts in each replicate.
Cysts from females injected with either GFP or LEA dsRNA were collected by vacuum filtration on 45 μm Millipore filter discs (Billerica, MA, USA) after incubation King et al. 2013 at room temperature in sea water 13 to 14 weeks, immersed in 3 % H 2 O 2 for 20 min, filtered and washed either two or five times in sea water at room temperature. Washed cysts were transferred to sea water and hatching was recorded until 5 days after the last nauplius appeared. The experiments were done in triplicate with 24 to 61 cysts in each replicate.
Statistical analyses
A one-tailed student's t test (α=0.05) was used to assess whether AfrLEA1 mRNA was more abundant in cysts from females injected with GFP versus AfrLEA1 dsRNA. One-way ANOVA was used to assess differences in brood size. The viability of cysts from females injected with either AfrLEA1 or GFP dsRNA after desiccation, freezing, and H 2 O 2 exposure was compared using χ 2 independence of factors tests.
Results
AfrLEA1-1 and GFP dsRNA
The AfrLEA1 dsRNA is complementary to 463 bp (75 %) of full length AfrLEA1-1 mRNA and it is comprised predominantly of a repeated 20 amino acid motif (Fig. 1) . dsRNAs generated from AfrLEA1 and GFP cDNA were respectively about 500 and 300 bp, the expected sizes (Fig. 2a) . GFP dsRNA is not complementary to AfrLEA1 mRNAs, nor to any other mRNA known to occur in Artemia (Zhao et al. 2012 ).
Injection of Artemia females with AfrLEA1 dsRNA reduced group 1 LEA proteins in cysts Artemia females injected with AfrLEA1 dsRNA released cysts with decreased AfrLEA1 mRNA when compared to cysts from females receiving GFP dsRNA, p=0.0004 (Fig. 2b) . As shown by probing of Western blots, group 1 LEA proteins of 21 and 19 kDa were detected in extracts of cysts from females injected with GFP dsRNA but not in extracts from the same number of cysts produced by females given AfrLEA1 dsRNA (Fig. 2c) . Group 1 LEA proteins with molecular masses lower than 19 kDa were not observed in any samples.
Group 1 LEA protein knockdown affects neither survival of A. franciscana females nor cyst development A. franciscana females injected with either AfrLEA1 of GFP dsRNA survived equally well after successive brood releases ( Fig. 3a) and had an average brood size of approximately 24 cysts, whether incubated at room temperature or 18°C, p= 0.57 (Fig. 3b) , with brood sizes ranging from 3 to 60 cysts. Diapause-destined embryos in females injected with either AfrLEA1 or GFP dsRNA developed at similar rates and were released from females 5 days following fertilization at 24°C, p=0.32, and after 11 days upon incubation at 18°C, p=0.79 AfrLEA1 and GFP cDNA were amplified and dsRNAs were synthesized using PCR products. Reaction products were resolved in 1.5 % agarose and visualized with SYBR®Safe. Lane 1 GeneRuler 100 bp DNA Ladder (Thermo Scientific), sizes indicated on left in base pairs; 2 AfrLEA1 PCR product; 3 AfrLEA1 dsRNA; 4 GFP PCR product; 5 GFP dsRNA. b RTqPCR was performed in duplicate with RNA from 25 to 30 cysts to determine AfrLEA1 and α-tubulin transcript copy number. AfrLEA1 copy numbers were normalized against α-tubulin and averaged for 4 and 6 cyst samples obtained from females injected with either GFP or AfrLEA1 dsRNA. AfrLEA1 copy number in cysts from females injected with GFP dsRNA was set at 100. Error bars represent standard deviation. The asterisk indicates that the mean copy number of group 1 LEA protein transcripts is statistically different from the group 1 LEA protein transcript copy number in cysts from females injected with GFP dsRNA (p<0.05). c Protein extracts of 50 to 75 cysts from females injected with GFP dsRNA (1, 2) and AfrLEA1 dsRNA (3, 4) were resolved in SDS polyacrylamide gels, transferred to nitrocellulose, and probed with rabbit anti-group 1 LEA protein antibody followed by HRP-conjugated goat anti-rabbit IgG antibody and chemiluminescence. Molecular mass in kDa is on the left. Lanes 1 and 3, extracts of first brood cysts; 2 and 4, extracts of second brood cysts (Fig. 3c ). Broods were discharged from females in less than a day regardless of the dsRNA administered (data not shown).
Group 1 LEA proteins were required for maximum resistance of cysts to freezing and desiccation
As indicated by hatching, cysts containing, as opposed to those lacking, group 1 LEA proteins had approximately twofold higher viability after they were blotted with Kimwipes and incubated at −20°C for 12 weeks, p=0.02 (Fig 4,  Hydrated) . When cysts were desiccated for 4 weeks followed by 8 weeks freezing, those containing group 1 LEA proteins exhibited 11-fold higher viability than when the proteins were absent, p=0.03 (Fig. 4, Desiccated) . Regardless of group 1 LEA proteins, the viability of cysts blotted dry prior to freezing was higher than for cysts that were desiccated and frozen, p<0.001 (Fig. 4) . Specifically, cysts with LEA proteins were approximately two-fold more viable when blotted and frozen rather than desiccated and frozen, whereas this difference was nine-fold when group 1 LEA proteins were absent (Fig. 4) .
Group 1 LEA proteins did not affect the response of developing cysts to H 2 O 2 When diapause was terminated by H 2 O 2 exposure after 13 to 14 weeks incubation in sea water at room temperature some cysts hatched into swimming nauplii, whereas for other cysts the emergence of nauplii halted shortly after the shell cracked (E1) or with the membrane-enclosed nauplius attached to the shell (E2). In extreme cases of abnormal exit from the cyst shell the membrane-enclosed nauplii emerged backwards, with the tail rather than the head protruding from the cyst shell. All three forms of abnormal emergence were documented in cysts either containing or lacking group 1 LEA proteins. Approximately 10 to 25 % of cysts released from injected females and incubated in sea water for 13 to 14 weeks produced swimming nauplii after exposure to H 2 O 2 , two washes with sea water, and incubation at room temperature in sea water for 7 days, regardless of the presence of group 1 LEA proteins, p=0.63 (Fig. 5a) . As well, the number of nauplii stalled at emergence (E1, E2, backwards) after two washes and incubation at room temperature for 7 days was not significantly different for cysts with or without LEA proteins, p= 0.51 (Fig. 5a ). When washed five times after H 2 O 2 treatment approximately 40 % of cysts with or without LEA proteins generated swimming nauplii p=0.39 (Fig. 5b) , while 6 to 12 % produced emerged nauplii, p=0.42 (Fig. 5b) . The viability of cysts washed two times and five times after H 2 O 2 treatment was between 30 and 58 % (Fig. 5c) . These values, determined by combining emerged and hatched nauplii were not significantly different for cysts containing or lacking group 1 LEA proteins. 
Discussion
A. franciscana group 1 LEA proteins were characterized in vivo by RNAi. The AfrLEA1 qPCR primers amplified regions of AfrLEA1-1, -3, and -4 cDNA, indicating that the dramatic transcript reduction caused by RNAi involved the knockdown of multiple group 1 LEA protein mRNAs in cysts, likely due to their conserved repetitive sequences. In line with this observation, the two most abundant group 1 LEA proteins in cysts, AfrLEA1-1 and -2, were eliminated by injection of females with AfrLEA1 dsRNA. The absence of smaller group 1 LEA proteins on Western blots as observed previously (Warner et al. 2010) , was probably due to the low amount of cyst extract applied to gels. Congruent with the lack of group 1 LEA proteins in adults (Warner et al. 2010) , injection of females with AfrLEA1 dsRNA did not affect survival or reproductive capacity, the latter indicated by brood size. This contrasts with results obtained for ArHsp22, a stress-inducible sHsp in adult Artemia (Qiu and MacRae 2008) . Injection of ArHsp22 dsRNA is fatal to Artemia adults (King et al. 2013) . Group 1 LEA protein knock down also had no apparent effect on the timing of embryo development, even when experiments were performed at 18°C to extend the observations. This result contrasts those obtained for two diapause-specific Artemia molecular chaperones where loss of the sHsp p26 raises the residence time of cysts in the brood sac and removal of artemin increases the duration of brood release (King and MacRae 2012; King et al. 2014 ).
Hatching was used as an indicator of viability in this work even though it is not possible to know if a non-hatched cyst is dead. However, from a biological perspective, a cyst that does not hatch is considered dead because it cannot grow and reproduce. The viability of cysts lacking group 1 LEA proteins was reduced significantly upon desiccation and/or freezing, supporting in vitro work that group 1 LEA proteins protect against water stress (Goyal et al. 2005; Hand et al. 2011) . Artemia cysts have a high proportion of bound water (Crowe et al. 1981) perhaps due in part to the LEA proteins (e.g., Manfre et al. 2006) . Bulk cytoplasmic water in fully hydrated Artemia cysts freezes at about −2°C (Crowe et al. 1981) , but "bound water", associated with the surfaces of macromolecules and organelles tends to remain liquid, even at much colder temperatures (Ramløv and Hvidt 1992) . Frozen hydrated cysts probably experienced ice formation, but retained liquid water with a high concentration of solutes (Crowe et al. 1981 ), a cold-induced desiccation. Damage due to cold-or drying-induced desiccation is reduced because LEA proteins act as molecular shields preventing aggregation of denatured proteins Hatanaka et al. 2013 ) and they protect organelles such as mitochondria from freezing (Menze et al. 2009 ). Mitochondrially targeted AfrLEA1-1 and AfrLEA1-2 (Warner et al. 2010 ) may preserve membrane and protein integrity in this organelle, allowing cysts to quickly resume respiration upon termination of diapause.
When bulk cytoplasmic water is removed by desiccation the remaining intracellular or bound water does not freeze (Crowe et al. 1981; Ramløv and Hvidt 1992) . Cysts desiccated prior to incubation at −20°C are therefore expected to experience minimal freezing stress, and the dominant challenge to viability is desiccation. Some LEA proteins partially fold under low water conditions (Goyal et al. 2003; Hundertmark et al. 2012; Soulages et al. 2002) , enhancing sugar glass formation and strength (Buitink and LePrince 2004; Hincha and Thalhammer 2012; Wolkers et al. 2001) and protecting membranes, although the latter has yet to be demonstrated for group 1 LEA proteins (Shimizu et al. 2010; Tolleter et al. 2010) . High cyst mortality upon desiccation when group 1 LEA proteins were absent suggests a protective role for these proteins through intracellular glass formation (Hengherr et al. 2011) as is the case for chironomid larvae of Polypedilum vanderplanki (Sakurai et al. 2008 ). Desiccation and freezing are significant threats to Artemia cysts, as shown by their death in the absence of either p26 (King and MacRae 2012) or group 1 LEA proteins when these stresses are experienced. There is an interplay between desiccation and freezing, with hydrated cysts generally less tolerant of freezing than desiccated cysts (Clegg and Trotman 2002; Crowe et al. 1981) . However, in this study, a higher number of hydrated as opposed to desiccated cysts hatched after freezing. The rate of freezing may explain this result as slow freezing of hydrated Artemia cysts at −0.5°C/min gives high hatching (Yoshida et al. 2011 ). In the experiments herein, hydrated cysts dried only with Kimwipes were placed in Styrofoam containers to reduce the rate of temperature decline upon transfer to −20°C. In addition, desiccated cysts were frozen for 8 weeks while hydrated cysts were incubated for 12 weeks at −20°C. High viability of cysts after long uninterrupted freezing occurred in laboratory experiments (Toxopeus and MacRae, unpublished) . Based on temperatures experienced in the GSL (National Oceanic and Atmospheric Administration 2011), the ability to maintain diapause for long freezing periods is likely adaptive for overwintering cysts.
In the present study, there was no significant difference in diapause termination or viability upon exposure of cysts with or without group 1 LEA proteins to H 2 O 2 , a chemical previously shown to terminate diapause (Robbins et al. 2010; Veeramani and Baskaralingam 2011) . However, the exit of nauplii from cysts was hindered by H 2 O 2 during post-diapause development, resulting in membraneenclosed nauplii stalled at emergence or which emerged backwards. It is probable that residual H 2 O 2 entered embryos when cyst shells cracked and interfered with hatching. In support of this proposal, H 2 O 2 at 0.003 % (1,060 μM) inhibits the emergence and hatching of nauplii (Robbins et al. 2010) . Artemia cysts exhibit abnormal hatching when incubated in medium with either mercury, zinc, cadmium, or potassium cyanide Go et al. 1990; Pandey and MacRae 1991; Rafiee et al. 1986; Trotman et al. 1980) .
Conclusions
Group 1 LEA proteins, as part of a suite of molecular defenses, have a profound effect on cyst response to desiccation and freezing, thereby contributing substantially to the stress tolerance of cysts. These proteins have not previously been associated with freezing stress in animals (Hand et al. 2011) . Because the absence of group 1 LEA proteins is most detrimental when cysts are desiccated, these proteins likely contribute to intracellular glass formation. The ability of group 1 LEA proteins to protect Artemia embryos from desiccation and freezing coincides with the types of environmental changes experienced by Artemia and suggests therapeutic applications in the cryopreservation of human cells (Loi et al 2013) .
